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Introduction {#sec1}
============

The gastrointestinal tract of mammals is colonized by bacteria at birth, and, thereafter, a mutualistic interaction with the evolving microbiota is established. The microbiota regulates the metabolic balance of the organism by generating bioactive molecules that are absorbed through the intestinal epithelium. A comparison of conventionally reared and germ-free (GF) mice showed that the gut microbiota regulates host fat storage. The transfer of cecal microbiota from conventional to GF mice results in a significant increase in body fat content and insulin resistance ([@bib1]). A primary role of intestinal commensals in the pathophysiology of metabolism was shown by reproduction of an obese phenotype in GF mice by transplantation of the microbiota isolated from obese animals ([@bib25]).

Bacteria stimulate the development of gut-associated lymphoid tissue (GALT) ([@bib16]). The intestinal tissue must integrate commensal bacteria and maintain their number and composition without inducing inflammation-mediated tissue damage ([@bib15]). Central in this homeostatic relationship is the production of immunoglobulin A (IgA). T follicular helper (Tfh) cells in the Peyer's patches (PPs) of the small intestine promote germinal center (GC) reactions and affinity maturation of IgA responses that are critical for efficient mucosal defense by limiting the translocation of potentially invasive bacteria and microbial inflammatory compounds from the gut lumen into the organism ([@bib8], [@bib22], [@bib26]). Importantly, regulation of high-affinity IgA responses by T follicular regulatory (Tfr) cells promotes the diversification and influences the composition of the microbiota in the gut ([@bib11]).

In mice deficient for the ATP-gated ionotropic receptor P2X7 (*P2rx7*^*−/−*^), Tfh cells are significantly increased in PPs because of resistance to cell death induced by extracellular ATP. The altered regulation of Tfh cells in these mice results in enhanced secretory IgA responses ([@bib19]). Here we show that lack of P2X7-mediated control of Tfh cells results in altered microbiota composition that is responsible for impaired glucose homeostasis and enhanced fat deposition.

Results {#sec2}
=======

Increased Body Weight and Impaired Glucose Metabolism in *P2rx7*^*−/−*^ Mice {#sec2.1}
----------------------------------------------------------------------------

A characteristic trait of *P2rx7*^*−/−*^ mice is the increase in body weight with respect to wild-type (WT) littermates ([@bib2]; [Figure 1](#fig1){ref-type="fig"}A). *P2rx7*^*−/−*^ animals at 8 weeks had a significant increase in blood glucose, white adipose tissue (WAT) mass, serum insulin, and leptin with respect to WT littermates ([Figures 1](#fig1){ref-type="fig"}B--1D). Moreover, *P2rx7*^*−/−*^ mice showed significant glucose intolerance and decreased insulin sensitivity, as measured by glucose tolerance test (GTT) and insulin tolerance test (ITT) ([Figures 1](#fig1){ref-type="fig"}E and 1F). Food consumption was not different between the two strains of mice (data not shown), as were plasma total cholesterol (76.9 ± 23.1 mg/dL versus 66.5 ± 17.5 mg/dL in 9-week-old WT and *P2rx7*^*−/−*^ animals, respectively; n = 5) and plasma triglyceride levels (104.2 ± 25.4 mg/dL versus 95.4 ± 14.9 mg/dL in WT and *P2rx7*^*−/−*^ animals, respectively).

Macroscopic analysis at 9 weeks revealed liver enlargement (weights, WT: 1.057 ± 0.04 g; *P2rx7*^*−/−*^: 1.346 ± 0.038 g; n = 10; p = 0.0006) that was associated with significantly elevated glycogen in fasted *P2rx7*^*−/−*^ compared with WT mice, which exhibited only minimal, scattered glycogen deposition ([Figure S1](#mmc1){ref-type="supplementary-material"}A). Glucokinase (GCK) mRNA levels were significantly increased in *P2rx7*^*−/−*^ mice, suggesting that hyperglycemia could result in increased glucose flux ([Figure S1](#mmc1){ref-type="supplementary-material"}B). However, intracellular glucose does not appear to enter glycolysis because transcript levels of the key enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which catabolizes the conversion of glucose 1,3 biphospate to 1,3-bisphosphoglyceric acid and fosters glycolysis, were reduced ([Figure S1](#mmc1){ref-type="supplementary-material"}B). This implies that increased intracellular glucose could be accumulated as glycogen and, indeed, could explain the observed phenotype. Other metabolic pathways in the liver did not appear to be affected ([Figure S1](#mmc1){ref-type="supplementary-material"}B). These results suggest that P2X7 activity is important in the regulation of glucose homeostasis. The altered metabolic control we observed in *P2rx7*^*−/−*^ mice was worsened by a high-fat diet, which induced a significant increase in body and WAT weights as well as significantly impaired glucose tolerance and insulin sensitivity with respect to WT littermates ([Figures S1](#mmc1){ref-type="supplementary-material"}C and S1D), suggesting that *P2rx7*^*−/−*^ mice are more sensitive to increased caloric intake.

Altered Microbiota Composition in *P2rx7*^*−/−*^ Mice {#sec2.2}
-----------------------------------------------------

Hierarchical clustering of mice for cecal microbiota showed that *P2rx7*^*−/−*^ animals clustered together and separately with respect to WT littermates ([Figure 1](#fig1){ref-type="fig"}G). Among the most represented families, we detected the increase of Lachnospiraceae and Helicobacteraceae in *P2rx7*^*−/−*^ mice. In contrast, Paraprevotellaceae and Caulobacteraceae were enriched in WT animals ([Figure 1](#fig1){ref-type="fig"}H). The increase of Lachnospiraceae within gut commensals has been associated with obesity ([@bib4]). Many species belonging to this family have been shown to produce butyrate ([@bib7], [@bib18]), the abundance of which has been associated with obesity ([@bib4], [@bib25]). Quantification of short chain fatty acids (SCFAs) in cecal content of WT and *P2rx7*^*−/−*^ mice revealed a significant increase in butyrate in mutant mice ([Figure 1](#fig1){ref-type="fig"}I). These data suggest that variations in selected families of the microbiota might result from deletion of *P2rx7* and contribute to the observed altered glucose metabolism.

Cell-Intrinsic Role of Tfh Cells in Glucose Homeostasis {#sec2.3}
-------------------------------------------------------

Adoptive transfer of *P2rx7*^*−/−*^ Tfh cells into lymphopenic mice results in enhanced expansion in PPs with respect to WT cells ([@bib19]; [Figure S2](#mmc1){ref-type="supplementary-material"}A). 1 month after transfer into *Cd3e*^*−/−*^ mice, both WT and *P2rx7*^*−/−*^ cells maintained the Tfh phenotype, characterized by CXCR5, Bcl6, PD1, and inducible T-cell costimulator (ICOS) expression, with few cells expressing Foxp3 ([Figures S2](#mmc1){ref-type="supplementary-material"}B--S2D). Transfer of mutant cells resulted in significantly enhanced GC reactions ([Figure S2](#mmc1){ref-type="supplementary-material"}E), increased body and WAT weights, and increased blood glucose, insulin, and leptin levels ([Figures 2](#fig2){ref-type="fig"}A and 2B). GTT also revealed impaired glucose sensitivity ([Figure 2](#fig2){ref-type="fig"}C). Firmicutes were significantly increased, with concomitant reduction of both Bacteroidetes and Proteobacteria ([Figure 2](#fig2){ref-type="fig"}D). The analysis of variations in family abundances showed a significant increase in Lachnospiraceae, a characteristic feature of *P2rx7*^*−/−*^ mice ([Figure 1](#fig1){ref-type="fig"}H), and of an undetermined family belonging to the order Clostridiales in *P2rx7*^*−/−*^ chimeric mice ([Figure 2](#fig2){ref-type="fig"}E). Moreover, quantification of SCFAs showed a significant increase in butyrate ([Figure 2](#fig2){ref-type="fig"}F). Therefore, *P2rx7*^*−/−*^ Tfh cells appear to be sufficient for determining the modifications in metabolic parameters and microbiota composition that were observed in *P2rx7*^*−/−*^ mice.

Selective Role of Tfh Cells in Regulating Glucose Metabolism {#sec2.4}
------------------------------------------------------------

To understand whether Tfh cell activity in *P2rx7*^*−/−*^ mice played a causative role in the development of metabolic syndrome by shaping the microbiota, we compared *Icos*^*−/−*^ and *Icos*^*−/−*^*P2rx7*^*−/−*^ double mutant mice, which are devoid of Tfh and GC B cells ([Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B), for microbiota composition and metabolic parameters. *Icos*^*−/−*^ mice exhibit normal CD4 and CD8 cell populations in lymph nodes and spleen ([@bib6]). However, effector/memory CD4 (CD44^+^CD62L^−^) as well as T regulatory and Th17 cells in PPs and mesenteric lymph nodes (MLNs) were significantly reduced ([Figures S3](#mmc1){ref-type="supplementary-material"}C and S3D). *Icos*^*−/−*^ mice were characterized by an increase in IgA-coated bacteria in stools with respect to WT mice ([Figure S4](#mmc1){ref-type="supplementary-material"}A), a finding consistent with a predominant T-independent IgA response to commensals ([@bib3]) and modulation of the secretory IgA response by Tfh cells ([@bib11]). Concomitant deletion of *P2rx7* did not affect IgA coating in ICOS-deficient mice, indicating that lack of P2X7 in ICOS^−^ cells does not influence the enhanced IgA response ([Figure S4](#mmc1){ref-type="supplementary-material"}A). Notably, culture of aerobic and anaerobic bacteria from the cecum revealed the significant reduction of colony-forming units (CFUs) in samples from ICOS-deficient and *P2rx7*^*−/−*^ mice ([Figure 3](#fig3){ref-type="fig"}C), suggesting that deregulated IgA might impair the expansion of the cecal microbial community.

The overall microbiota compositions of *Icos*^*−/−*^ mutants clustered together by β-diversity analysis and were well separated from WT- and *P2rx7*^*−/−*^-derived samples ([Figure 3](#fig3){ref-type="fig"}A). *Icos*^*−/−*^ also co-clustered with *Icos*^*−/−*^*P2rx7*^*−/−*^ mice for microbiota composition in a hierarchical clustering analysis ([Figure 3](#fig3){ref-type="fig"}B). These data indicate that *Icos* deletion (i.e., lack of Tfh cells) causes drastic changes in the gut microbial taxonomic structure. Moreover, α-diversity was significantly reduced in ICOS-deficient animals, supporting the importance of Tfh cell activity in generating a diverse microbiome ([@bib11]; [Figure 3](#fig3){ref-type="fig"}D). The reduction of microbial biodiversity in *Icos*^*−/−*^-associated microbiota was reflected by depletion of microbial functions through phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) prediction of metabolic potential ([@bib12]; [Figure S4](#mmc1){ref-type="supplementary-material"}B). In *Icos*^*−/−*^ and *Icos*^*−/−*^*P2rx7*^*−/−*^ mice, we observed a significant increase in the Lachnospiraceae ([Figure 3](#fig3){ref-type="fig"}E) and Firmicutes to Bacteroidetes ratio ([Figure 3](#fig3){ref-type="fig"}F) together with significantly increased body and WAT weights, blood glucose, and leptin ([Figure 3](#fig3){ref-type="fig"}G). Moreover, glucose tolerance was impaired. Different from *P2rx7*^*−/−*^ mice, serum insulin and insulin tolerance tests were not altered in both *Icos*^*−/−*^ and *Icos*^*−/−*^*P2rx7*^*−/−*^ mice with respect to WT mice ([Figures 3](#fig3){ref-type="fig"}G--3H). Notably, *Icos*^*−/−*^ and *Icos*^*−/−*^*P2rx7*^*−/−*^ mice were characterized by indistinguishable metabolic parameters, ruling out a contribution of P2X7 in ICOS^−^ cells to these phenotypic traits. Altogether, these results underscore the importance of Tfh cells in selecting a proficient microbiota for host glucose homeostasis.

Role of Commensal Microbiota in Altered Glucose Metabolism of *P2rx7*^*−/−*^ Mice {#sec2.5}
---------------------------------------------------------------------------------

We treated WT and *P2rx7*^*−/−*^ mice with vancomycin, ampicillin, and metronidazole (VAM) to deplete most bacterial species present in the gut. As expected, Tfh cells from *P2rx7*^*−/−*^ mice were relatively resistant to cell death induced by massive release of bacterial ATP by VAM compared with WT cells ([Figure S5](#mmc1){ref-type="supplementary-material"}A). Administration of VAM resulted in a significantly enhanced reduction in body and WAT weights as well as blood glucose in *P2rx7*^*−/−*^ mice compared with WT littermates ([Figures 4](#fig4){ref-type="fig"}A--4C). In addition, serum concentrations of insulin and GTTs of VAM-treated *P2rx7*^*−/−*^ mice became indistinguishable from their WT counterparts ([Figures 4](#fig4){ref-type="fig"}D and 4E). GF *P2rx7*^*−/−*^ mice at 10 weeks showed analogous body and WAT weights to WT littermates and indistinguishable glucose serum levels as well as tolerance to glucose bolus. Some reduction of insulin serum concentration, albeit not reaching statistical significance, was detected in *P2rx7*^*−/−*^ mice ([Figures S5](#mmc1){ref-type="supplementary-material"}C and S5D). These data confirm the role of the microbiota in the metabolic phenotype of *P2rx7*^*−/−*^ mice. To understand whether the changes in the gut microbiota characteristic of *P2rx7*^*−/−*^ mice were the cause of the observed metabolic phenotype, we transplanted cecal content isolated from *P2rx7*^*−/−*^ mice into VAM-treated WT animals. Administration of VAM with depletion of the microbiota resulted in significant diminution of Tfh cells; fecal transplant restored Tfh cell abundance. Microbiota isolated from *P2rx7*^*−/−*^ mice induced a significant increase in Tfh cells compared with autochthonous microbiota ([Figure S5](#mmc1){ref-type="supplementary-material"}B), suggesting that microbiota conditioned by *P2rx7*^*−/−*^ Tfh cells can amplify the regulation of Tfh cells in a feedforward loop. Mice transplanted with microbiota from *P2rx7*^*−/−*^ mice gained significantly more weight compared with mice transplanted with bacteria from WT mice ([Figure 4](#fig4){ref-type="fig"}F). Moreover, body and WAT weights and blood glucose and insulin concentrations 4 weeks after transplant were all increased in mice harboring bacteria isolated from *P2rx7*^*−/−*^ mice ([Figures 4](#fig4){ref-type="fig"}G and 4H), and tolerance to glucose was significantly impaired ([Figure 4](#fig4){ref-type="fig"}I). These results suggest that the gut microbiota associated with *P2rx7*^*−/−*^ mice has the transmissible capacity to promote the fat deposition and development of metabolic features characteristic of these mutant animals.

ATP Released by Commensals Limits the Secretory IgA Response in the Small Intestine {#sec2.6}
-----------------------------------------------------------------------------------

We directly addressed whether bacterially derived ATP could influence T cell-dependent IgA responses via P2X7. The IgA response to *E. coli* is dependent on Tfh cells in PPs ([@bib13]) and is significantly more effective in *P2rx7*^*−/−*^ mice ([@bib19]), suggesting that P2X7 activity can affect the T cell-dependent IgA response. We used a recombinant *E. coli* K-12 strain carrying the pHND10 plasmid, which encodes *phoN2*::HA fusion of *Shigella flexneri*, a periplasmic ATP-diphosphohydrolase (apyrase) ([@bib20], [@bib21]). Extracellular ATP released concomitantly with *E. coli* growth ([@bib9]) was undetectable in cultures of these transformants, indicating that apyrase efficiently abrogated ATP secretion (data not shown). Accordingly, GF mice monocolonized with these bacteria showed significantly reduced ATP in the intestine compared with mice monocolonized with bacteria carrying an empty vector ([Figure 4](#fig4){ref-type="fig"}J). Consistent with a role of endoluminal ATP in regulating Tfh cell number and GC reaction in the PPs of the small intestine ([@bib19]), both Tfh and GC B cells were increased in animals colonized with apyrase-expressing bacteria ([Figure 4](#fig4){ref-type="fig"}K), as was *E. coli*-specific IgA in the intestinal fluid ([Figure 4](#fig4){ref-type="fig"}L). These data indicate that extracellular ATP released by commensals limits the secretory IgA response in the small intestine.

Discussion {#sec3}
==========

The gut microbiota can affect many aspects of host metabolism, including energy harvesting from nutrients, hepatic lipogenesis, and adipose tissue development ([@bib1], [@bib5], [@bib25]). Signaling pathways involved in reciprocal regulation of the adaptive immune system and microbiota to ensure the generation and maintenance of a healthy microbial community are poorly defined. We have shown that regulation of Tfh cell activity by the ATP-gated ionotropic P2X7 receptor contributes to the selection of a beneficial microbiota for glucose metabolism and fat deposition. Interestingly, hypo-functioning P2X7 variants were recently associated with impaired glucose homeostasis in both mice and humans ([@bib24]). We observed that changes in the microbiota by enhanced Tfh cell activity were responsible for metabolic abnormalities and obesity. Previous microbial taxonomy of stool and mucus from *P2rx7*^*−/−*^ mice did not reveal significant modifications with respect to the WT counterpart ([@bib19]). Apart from dissimilarities in accurately assigning amplicons to different taxa by the different techniques used for microbiota profiling ([@bib10]), this apparent discrepancy could be due to selective variation in microbiota composition in the ceca of *P2rx7*^*−/−*^ mice, where diversity of the bacterial ecosystem might be more sensitive to enhanced IgA coating. Bacterial coating by IgA restricts bacterial access to the epithelium and can promote the survival of specific bacteria that affect the intestinal as well as general metabolism ([@bib17]). Moreover, the diversified microbiota resulting from T-dependent secretory IgA pressure has been suggested to play a pivotal role in promoting the ecological adaptability and speciation potential of mammals ([@bib23]).

Release of ATP from commensals limits Tfh cell-dependent helper activity, and abrogation of this release ([Figure 4](#fig4){ref-type="fig"}J) or signaling via P2X7 in Tfh cells ([@bib19]) results in enhanced taxon-specific secretory IgA responses. The results obtained with mice adoptively transferred with Tfh cells indicate that sensing of extracellular ATP by Tfh cells via P2X7 is exclusively responsible for the metabolic alterations observed in *P2rx7*^*−/−*^ mice. Obesity was associated with an increased ratio of Firmicutes to Bacteroidetes ([@bib4], [@bib14], [@bib25]), which was, in turn, associated with increased concentrations of butyrate in the intestine of obese versus lean mice ([@bib4], [@bib25]). This interrelation with possible metabolic relevance might be sensitive to manipulation of the ATP/P2X7 axis in Tfh cells.

Tfh cells are regulated in the PPs by Tfr cells. IgA generated and selected in the presence of Tfr cells coated a larger diversity of bacterial taxa than in their absence. This coating was hypothesized to directly influence the diversity and phylogenetic structure of the intestinal bacterial ecosystem by contributing to the maintenance, rather than elimination, of indigenous bacteria ([@bib11]). We have previously shown that lack of P2X7 results in an increase in Tfh, but not Tfr, cell abundance in the PPs ([@bib19]). The deregulated activation of Tfh cells in the absence of the concomitant modulation by Tfr cells might result in loss of the controlled diversification of stimulatory bacteria that were hypothesized to promote a self-regulatory loop important for host-bacterial mutualism ([@bib11]). Defective Tfr activity as well as lack of Tfh cells (*Icos*^*−/−*^ mice) resulted in a higher Firmicutes-to-Bacteroidetes ratio and expansion of bacteria belonging to Lachnospiraceae analogous to mice with P2X7-deficient Tfh cells. These results indicate that regulated GC reaction profoundly affects host metabolism by shaping a proficient microbiota. The lack of sensitivity of PP Tfh cells to endoluminal ATP compromises the host metabolism, thereby suggesting that ATP in the gut acts as an inter-kingdom signaling molecule ensuring the establishment of a healthy relationship between microbiota, the adaptive immune response, and systemic homeostasis.

Experimental Procedures {#sec4}
=======================

Mice {#sec4.1}
----

All animal experiments were performed in accordance with the Swiss Federal Veterinary Office guidelines and as authorized by the Cantonal Veterinary Office. C57BL/6J, *P2rx7*^*−/−*^ (B6.129P2-*P2rx7*^*tm1Gab*^/J), *Icos*^*−/−*^, and *Cd3e*^*−/−*^ mice were bred in the specific pathogen-free (spf) facility at the Institute for Research in Biomedicine Switzerland.

Adoptive Transfer of Tfh Cells {#sec4.2}
------------------------------

CD4^+^CD8^−^CXCR5^+^ICOS^+^ cells from pooled PPs of WT or *P2rx7*^*−/−*^ mice were sorted on a FACSAria. Eight-week-old *Cd3e*^*−/−*^ mice were injected intravenously (i.v.) with 1 × 10^5^ Tfh cells. Recipient mice were sacrificed 4 weeks after reconstitution.

Microbiota Transplantation {#sec4.3}
--------------------------

Eight-week-old C57BL/6J mice were gavaged for 2 weeks with vancomycin (1.25 mg), ampicillin (2.5 mg), and metronidazole (2.5 mg) in 200 μL PBS and then gavaged for 3 days with fresh cecal content (200 μL) collected from donor mice and resuspended in PBS (0.01 g/mL).

GTT, ITT, Serum Insulin, and Leptin Quantification {#sec4.4}
--------------------------------------------------

Animals were fasted for 12 hr (GTT) or 6 hr (ITT) and then received an intraperitoneal (i.p.) injection of glucose (2 g/kg of body weight) or insulin (0.6 U/kg). Blood glucose was monitored for 120 min using a glucometer on samples collected from the tip of the tail vein. Insulin and leptin were quantified by ELISA.

Taxonomic Analysis of Microbiota {#sec4.5}
--------------------------------

For the evaluation of intestinal microbiota, the bacterial microbiota of cecal samples from WT, *P2rx7*^*−/−*^*, Icos*^*−/−*^, and *Icos*^*−/−*^*P2rx7*^*−/−*^ mice has been investigated by sequencing the V5--V6 hypervariable regions of the 16S rDNA gene by using the Illumina MiSeq platform. The prokaryotic composition of the tested samples has been assessed by bioinformatic analysis of metagenomic amplicons (BioMaS) on the paired end (PE) reads generated by Illumina MiSeq sequencing. In experiments with adoptive transfer of Tfh cells, microbial V5 and V6 regions were sequenced on the Ion Torrent PGM (personal genome machine) system using a 316v2 chip and analyzed using QIIME V1.8.0. Operational taxonomic units (OTU) were generated using uclust and a 97% identity threshold. Taxonomy assignment was performed by blasting representative OTU sequences against the latest Greengenes database.

Statistical Analysis {#sec4.6}
--------------------

The displayed data are representative of at least three independent experiments. Results were analyzed using the nonparametric Mann Whitney test, Student's unpaired t test, and two-way ANOVA with Bonferroni post-test analysis. Results are presented as mean ± SEM. Values of p \< 0.05 were considered statistically significant. For statistical analyses of microbiota, R statistic software (version 3.1.2) was used. Differences between the effects on microbiota composition were evaluated by analyzing the data with non-parametric Wilcoxon Mann-Whitney test with Benjamini-Hochberg correction, using paired data when possible, with which we could decide whether the population distributions were identical without assuming them to follow the normal distribution.
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![Alterations of Metabolic Parameters and Microbiota Composition in *P2rx7*^*−/−*^ Mice\
(A--F) *P2rx7*^*−/−*^ and WT littermates, weight gain in WT and *P2rx7*^*−/−*^ mice, and body weight (n = 20) (A) and blood glucose concentration (n = 20) (B) at 9 weeks. Also shown are representative abdomens and statistics of WAT weights (n = 20) (C). Serum insulin and leptin concentrations (n = 20) are shown (D) as well as glucose homeostasis determined by GTT (E) and ITT (F) in WT and *P2rx7*^*−/−*^ mice (n = 5).\
(G) Similarity in mouse microbiota by Euclidean distances between cecal samples from WT and *P2rx7*^*−/−*^ mice based on the taxonomic assignment at family rank. Dendrograms show the Euclidean distances between cecal samples, and the matrix colors are proportional to the observed distances.\
(H) Heatmap of bacterial families in cecal microbiota that discriminate WT from *P2rx7*^*−/−*^ mice. Families were selected according to p \< 0.1 with two-tailed unpaired Student's t test. Each line represents one family, and each column represents an individual mouse. Mean relative abundances of families detected in WT and *P2rx7*^*−/−*^ mice and the p value for each family are shown. Operational taxonomic units (OTUs) with a relative abundance higher than 0.1% in at least one sample are shown in bold.\
(I) SCFA quantification in cecum content of WT and *P2rx7*^*−/−*^ mice (n = 5).\
Means ± SEM are shown, and Mann-Whitney test (A--D, and I) and two-way ANOVA (E and F) were used. ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001; n.s., non-significant.](gr1){#fig1}

![Cell-Intrinsic Role of Tfh Cells in Regulating Glucose Metabolism\
(A--C) Body weight variation and WAT weight (A); blood glucose, insulin, and leptin levels (B); and GTT (C) in *Cd3e*^*−/−*^ mice reconstituted with WT or *P2rx7*^*−/−*^ Tfh cells (n = 5).\
(D and E) Phylum (D) and family (E) relative abundances in *Cd3e*^*−/−*^ mice reconstituted with WT or *P2rx7*^*−/−*^ Tfh cells (n = 5).\
(F) Butyrate quantification in cecum content of *Cd3e*^*−/−*^ mice reconstituted with WT or *P2rx7*^*−/−*^ Tfh cells (n = 5).\
Means ± SEM are shown, and Mann-Whitney test (A, B, and D--F) and two-way ANOVA (C) were used. ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001.](gr2){#fig2}

![Crucial Role of Tfh Cells in Shaping Commensal Microbiota Composition\
(A) Similarity among cecal microbiota through non-metric multidimensional scaling (NMDS) based on an unweighted Unifrac dissimilarity matrix.\
(B) Euclidean distances inferred on taxonomic assignment at family rank between cecal samples from *Icos*^*−/−*^ and *Icos*^*−/−*^*P2rx7*^*−/−*^ mice.\
(C) Statistical analysis of CFUs of aerobic and anaerobic bacteria recovered from the ceca of WT, *P2rx7*^*−/−*^ (n = 10), *Icos*^*−/−*^, and *Icos*^*−/−*^*P2rx7*^*−/−*^ mice (n = 5).\
(D) Box and whisker plots of the Shannon diversity index at the bacterial family level in WT, *P2rx7*^*−/−*^, *Icos*^*−/−*^, and *Icos*^*−/−*^*P2rx7*^*−/−*^ mouse cecal samples (n = 4).\
(E and F) Relative abundance of the Lachnospiraceae family (E) and Firmicutes/Bacteroidetes ratio (F) in the indicated mice (n = 4).\
(G) Body and WAT weights and blood glucose, insulin, and leptin concentrations (n = 10).\
(H) GTT (left) and ITT (right) in WT (white dots), *P2rx7*^*−/−*^ (black squares), *Icos*^*−/−*^ (light gray) and *Icos*^*−/−*^*P2rx7*^*−/−*^ (dark gray) mice (n = 10).\
Means ± SEM are shown, and Mann-Whitney test (C--G) and two-way ANOVA (H) were used. ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001.](gr3){#fig3}

![Role of Microbiota of *P2rx7*^*−/−*^ Mice in Altering Glucose Metabolism\
(A--E) Body (A) and WAT (B) weight variation, blood glucose (C) and insulin levels (D), and GTT (E) in WT and *P2rx7*^*−/−*^ mice after 14 days of VAM (n = 5).\
(F--I) Weight gain (F), body and WAT weights (G), blood glucose and insulin (H), and GTT (I) in WT mice transplanted with WT or *P2rx7*^*−/−*^ microbiota (n = 5).\
(J) Concentrations of ATP in ilea from GF mice either non-colonized (GF) or colonized with pBAD28 or pHND10 bearing *E. coli*.\
(K) Quantification of Tfh and GC B cells in non-colonized or monocolonized animals as indicated.\
(L) Intestinal anti-*E. coli* IgA quantification at fluorescence-activated cell sorting (FACS) (see [Experimental Procedures](#sec4){ref-type="sec"}) in GF mice or mice monocolonized with the indicated *E. coli* transformants (n = 5).\
Means ± SEM are shown, and Mann-Whitney test (A--D, G, H, and J--L) and two-way ANOVA (E, F, and I) were used. ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001.](gr4){#fig4}
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